The catalytic activities of alkaline phosphatase and N-acetyl-ß-Z>-glucosaminidase, constituents of luminal bnish-border membranes and lysosomes of kidney tubular cells, were measured in human kidney allografts in the mäintenance and recovery phases of acute renal failure and in acute rejection crisis. The enzyme activities were fluorometrically determined in single microdissected cortical nephron Segments of biopsies from 4 kidney allografts taken intraoperatively and postoperatively at different periods, which exhibited either goöd function or dysfunction. For comparison, the unaffected part of a human kidney nephrectomized due to hypernephroma äs well äs a biopsy of a morphologically normal human kidney were examined.
Both enzymes displayed highest activities in the proximal part of the human nephron. In some intraoperative and ppstoperätive biopsies with acute renal failure, alkaline phosphatase activity was reduced in proximal tubules, predominantly in the straight portion. This reduction could not be correlated with function. In acute rejection, very low alkaline phosphatase activities were uniformly found in proximal convoluted and straight tubules. Fürthermore, intraoperative biopsies and biopsies of the functioning allograft have only approximately 50% of normal N-acetyl-ß-D-glucosaminidase activity in proximal convoluted tubules, but generally normal values in the straight portion. However, in acute renal failure, this enzyme activity was several-fold enhanced along the whole nephron, when compared with intraoperative values. In acute rejection, N-acetyl-ß-jp-glucpsaminidase activity was slightly reduced in proximal convoluted tubules, when compared with biopsies showing gööd function.
It is suggested that the decrease of proximal tubular enzyme activities is the consequence of increased enzymuria and inadequate enzyme regeneration. On the other hand, the overshoot of N-acetyl-ß-/)-glucosamißidase activity in the maintenance phase of acute renal failure appears to indicate increased degradative capacity, associated with cellular regeneration along the whole nephron.
Introduction
,,..,. , . . , kidneys, normal distnbution pattern and pathological Alkaline phosphatase (orthophosphoric-monoester changes of these organelles along the nephron have phosphohydrolase, alkaline Optimum, EC 3.1.3. 1 ) not yet been quantified. Morphological analysis öf and N-acetyl-ß-D-glucosaminidase (2-acetamido-2-human kidney biopsies taken in acute renal failure deoxy-ß-Z)-glucoside acetamidodeoxyglucohydro-revealed a reduced luminal surface area in proximal läse, EC 3.2.1.30) are kidney tubular enzymes which tubules (11, 12) and an increased number of vacuolar are known to be excreted into urine. Enzymuria in-structures in proximal and distal tubules (11) . In creases, when renal function is impaired (l, 2, 3), addition, Gregoire & Gepts (13) observed reduced indicating renal damage. However, the renal pro-activity of microvillar alkaline phosphatase and uncesses involved in enzymuria are not yet understood. changed activity of lysosomal acid phosphatase in proximal convoluted tubules of human renal homoin the kidney, alkaline phosphatase is essentially transplants, which had been removed due to chronic found within the proximal part of the nephron (4), insufficiency. constituting an integral part of luminal brush-border _, membranes (2) . The function of this enzyme is not
The present Study 1S based on reoent observations on yet known (5, 6) . N-acetyl-ß-Z)-g lucosaininidase is marker 6 3™ 68 öf cellular compartments along the distributed along the whole nephron with the highest human ne P hron -These eariier ßndings showed that activity in proximal tubules (7) . It is localized within the enz y mes of basolateral interdigitations and mitothe lysosomes of tubular cells (8) and contributes to chondrial inner membranes, Na+-K+-ATPase and the intracellular degradation of carbohydrate-consuccinate dehydrogenase were selectively reduced in taining macromolecules (9) . distal tubules of biopsies taken from human kidney allografts in the maintenance phase o£äcute renal Brush-border membranes and lysosomes are cellular failure (14) . These enzyme activities were found to be compartments which undergo alterations in exper-unchanged in proximal tubules, but in this part of imentally mduced acute renal failure (10) . In human the nephron, marked activity changes were found with respect to lysosomal N-acetyl-ß-D-glucosaminidase (15) . This fmding suggests that in these biopsies, proximal tubules had also undergone alterations, but of a different kind. In order to substantiate this, the measurement of N-acetyl-ß-Z)-glucosaminidase activity was performed in all available cortical nephron segments, in addition to the determination of microvillar alkaline phosphatase activity. The same biopsies äs in the earlier study were examined, in addition to a biopsy taken in acute rejection crisis (15) . The study of intranephronal distribution of both enzyme activities in correlation with renal function should give further insight into the nature and location of cellular events and of enzymuria associated with impaired renal function in hunians.
Materials and Methods

Chemicals
Chemicals were of analytical grade from E. Merck AG, D-6100 Darmstadt (buffer substances, liquid paraffin), from Serva Feinbiochemica GmbH & Co., D-6900 Heidelberg (4-methylumbelliferone, 4-methylumbelliferyl-N-acetyl-ß-Z)-glucosaminide, bovine serum albumin), and from Sigrna Chemical Co., St. Louis, U. S. A., Mo 63178 (4-methylumbelliferyl phosphate).
Tissue preparation
Biopsies were taken from 4 human kidney allografts (A, B, C, D) which had been perfused with Euro-Collins solution and preserved on ice för up to 26-32 hours prior to transplantation. Immediately after transplantation, allografts A, B, and C were anurie and did not show äny Symptoms of cellular or humoral rejection at the time of biopsy (A 2 , B ? , C 2 ), while allograft D displayed diuresis developing into normuria (D 2 , D 3 ) and then into acute rejection crisis (D 4 ) manifested by decreased creatinine clearance (15) and interstitial round-cell Infiltration. Diuretics were not given. Immunosuppressive treatment was conventionäl. In addition, biopsies of these allografts had been obtained intraoperatively about 30 min after anastomosis (Aj, BJ, Q, Dj). In comparispn with these transplant biopsies, the unaffected part of a human kidney nephrectomized due to hypernephrpma grade I (E) and a morphologically normal biopsy taken due to microscopic haematuria (F) were examined.
Tissue samples were prepared for microdissection (16) by immediate shock-freezing in liquid nitrogen and freeze-cütting into 16 thick serial sections (Dittes-Duspiva, D-6900 Heidelberg). The first of three consecutive sections was stained with periodic acid/Schiffs base reagent, the secohd lyophilized, and the third was stained for succinate dehydfpgenase activity, äs described previously (17) . Dry weighi of microdissected cortical nephron segments was in the ränge of l -40 ng.
Determination pf enzyme catalytic activities
Enzyme assays for single nephron segments (4, 7) were modifled with respect to incubation conditions and the use of the oilwell technique (16) . Sodram carbonate buffer, 0.1 mol/1, pH 10.0, containing 0.2 g/l bovine serum albumin, or sodium citrate buffer, 0.1. mol/1, pH 5.0, containing 0.2 g/l bovine serum albumin (630 nl), was placed into the wells of a teflon rack, loaded with a tissue specimen, and then covered with 2 droplets of liquid paraffin. After cooling to 4 °C, 630 nl of enzyme reagent were added. After incubation for 32 min at 37 °C (2 min for temperature equilibration), the rack was cooled again to 4 °C. Incubation solution (950 nl) was pipetted into 200 of 0.5 mol/1 glycine buffer, 0.5 mol/1 NaCl, pH 10.4. Reagent blanks and 4-methylumbelliferone Standards (2-20 / ) were treated in the same manner. Tissue bianks were obtained by omitting incubation for 32 min at 37 °C. Fluorescence measurements were performed at 365/450 nm with a Fanand Mark I fluorometer. Enzyme reagents were composcd of: 2 mmol/l 4-methylumbelliferyl phosphate and 8 mmol/l MgSO 4 in 0.1 mol/1 sodium carbonate buffer, pH 10.0, 0.2 g/l bovine serum albumin, for alkaline phosphatase, the Substrate concentration being around Saturation; 1.6 mmol/l 4-raethylumbelliferyl-N-acetyl-ß-/)-glucosaminide in 0.1 mol/1 sodium citrate buffer, pH 5.0, 0.2 g/l bovine serum albumin, for N-acetyl-ß-Z)-glucosaminidase, the Substrate concentration being in the ränge of half-saturation.
Specific enzyme activities were expressed in · min" 1 4-methylumbelliferone formcd per g tissue dry weight. Since tissue blanks of both enzyme assays were at the detection limits for glomeruli and distal nephron segments and were below 6% for proximal tubular values, they were neglected. Differences between the means of enzyme catalytic activities were tested for statistical significance with Studenfs t test for unrelated samples.
Results
,
Control biopsies
In addition to the earlier study on enzymes in the human nephron (14), a morphologically normal kidney biopsy (F) was taken äs normal tissue. As shown in table l, alkaline phosphatase activity in proximal tubules is about 10 times that of distal nephron segments in accordance with the high brush-border membrane content in proximal regions (18) . No difference was found between the convoluted and straight part of cortical proximal tubules. In contrast, N-acetyl-ß-Z>-glucosaminidase activity appears to be distributed inhomogeneously along proximal tubules with higher activities in the straight portion (tab. 2). Interestingly, in this segment, N-acetyl-ß-£)-glucosaminidase activities were found to differ strongly among biopsies E and F. In glomeruli and distal nephron segments, N-acetyl-ß-Z)-glucosaminidase activity is relatively high compared with alkaline phosphatase activity.
Biopsies taken during transplantation operations (A l5 BI, Ci, Dj) displayed different activities of both enzymes in proximal tubules (tabs. l -4). In biopsy DI, alkaline phosphatase activities were reduced to about 50% irrespective of post-transplantation kidney function (tab. 1), whereas the proximal convoluted tubules of biopsies Aj, Bj, and C t äs well äs the proximal straight tubules of biopsies AI and B! contained activities similar to those in normal tissues E and F (tab. 3). In functioning allograft D, alkaline phosphatase activities in proximal convoluted and straight tubules 4.6 (4) had reached the levels of biopsies E and F at the 7th postoperative day (D 2 ) (tab. 1). In contrast to this, N-acetyl--D-glucosaminidase activity was found to be uniformly reduced to about 50% in proximal convoluted tubules of intraoperative biopsies A l5 BI, G!, and D^ when compared with biopsies E and F (tabs. 2 and 4) . This level appears to be maintained in proximal convoluted tubules of functioning allograft D, 7 and 20 days after transplantation (D 2 , D 3 ) (tab. 2). On the other band, in proximal straight tubules, the enzyme activities of intraoperative biopsies A! and GI were in the same r nge s those in kidney F (tab. 4). The activity in allograft D intraoperatively resembled that of biopsy E, but developed into that of biopsy F after 7 and 20 days of post-transplantation function (D 2 , D 3 ) (tab. 2). In proximal straight tubules of biopsy B! only half this activity was found (tab. 4).
Biopsies in acute post-transplant renal failure In the maintenance and recovery phases of acute post-transplant renal failure, gradual activity changes of alkaline phosphatase were detected after 9 days (A 2 ) and 14 days (B 2 ) of anuria (tab. 3). Biopsy A 2 displayed the activity of normal renal tissues E and F in proximal convoluted tubules, but slightly reduced activity (61%, p < 0.01) in proximal straight tubules, when compared with intraoperative values. In biopsy B 2 , alkaline phosphatase activity was decreased in both proximal convoluted (70%, p < 0.002) and straight tubules (55%, p < 0.001). This activity showed a marked decrease in allograft C recovering from anuria (C 2 ), with 25% activity (p < 0. 
Biopsy in acute rejection
In the acute rejection episode of allograft D (D^, 25 days after transplantation, alkaline phosphatase activity was drastically decreased in proximal convoluted and straight tubules to 24% (p < 0.0001) and 21% (p < 0.0001) of the values in biopsy D 3 (tab. 5). In addition, glomeruli and distal tubules displayed reduced enzyme activities. The changes were found to be very heterogeneous according to the histological appearance of the tissue. Figure l demonstrates this heterogeneity with respect to round-cell Infiltration and succinate dehydrogenase activity, äs also described by Gregoire & Gepts (13) . Since microdissection was done in sections adjacent to the stained sections, isolated specimens could be correlated to normal or reduced succinate dehydrogenase activity (19) . This classification permits discrimination bet ween proximal tubules with alkaline phosphatase activities nearly äs low äs those in distal tubules, corresponding to tissue blanks of normal proximal tubules, and proximal tubules with significantly higher activities (tab. 5). In contrasf/ N-acetyl-ß-J3-glucosaminidase activity showed mainly an additional decrease to 59% (p < 0.0001) in proximal convoluted tubules, when compared with biopsy D 3 , but was slightly increased (136%, p < 0.02) in proximal straight tubules. Distally, there were only moderate activity changes. The changes of N-acetyl-ß^jD-glucosaminidase activity were independent of roundcell Infiltration density and succinate dehydrogenase agtivity, except in distal convoluted tubules (tab. 6).
Discussion
The present study reports on biochemical chafacterization of cellular compartments in single nephron segments of human kidney allografts with impaired function. Alterations in brush-border membranes and lysosomes were quantified by means of the marker enzymes alkaline phosphatase and N-acetyl-ß-D-glucosaminidase, respectively. Since these enzymes are known to be excreted into urine (l, 3, 20) , their renal activity may be balanced by enzymuriä and enzyme regeneration.
Catalytic activities of alkaline phosphatase along the human nephron were considered to be normal in biopsies E and F äs well äs in biopsies D 2 and D 3 with post-transplantation function. In these biopsies, N-acetyl-ß-D-glucosaminidase activities in glomeruli and distal nephron segments are obviously normal. However, it is more difficult to define normal values in proximal tubules. In proximal convoluted tubules of biopsies E and F, they are thought to be normal. In proximal straight tubules of biopsy F, the activity was in the ränge of that in the same segments of transplant biopsies D 2 and D 3 , and it was therefore assumed to be normal, confirmed by the respective values obtained from intraoperative transplant biopsies A! and Q. Apparently, immunosuppressants had not influenced both enzyme activities. Both enzymes represent cellular parameters which appear to be highly variable in proximal tubules, äs seen in the functioning allograft with consecutive biopsies Dj, D 2 , and D 3 . Such variations may be due to the anamnesis of the kidneys. In addition, the age of the patients has to be taken into account, äs in case E. In old rats, for example, a decrease of alkaline phosphatase activity (21) and focal brush-border loss äs well äs an increase in the relative volume of autophagic vacuoles (22) have been described.
Characteristically, both enzymes display their highest activities in proximal tubules, in parallel with the cellular content of brush-border membranes and lysosomes, äs also demonstrated in rat kidney (18, 23) . The values of alkaline phosphatase activity in glomeruli, distal tubules, and collecting ducts are approximately äs low äs tissue blanks of proximal tubules. In contrast to rat (24) and mouse (4) nephrons, which show the highest alkaline phosphatase activity in proximal convoluted tubules, the activity in human cortical proximal straight tubules is the same äs that in the convoluted part. In addition, the distribution pattern of N-acetyl-ß-Z>-glucosaminidase in proximal tubules of the human nephron, with highest activity in proximal straight tubules, is the inverse of that in rat and rabbit nephrons (7, 25) .
The distribution patterns of both enzymes appear to be altered in biopsies of human kidney allografts taken intraoperatively. Thus, loss of microvillar enzymes äs well äs intracellular and extracellular release of lysosomal enzymes, both described in kidney cryopreservation (26, 27) , do not occur uniformly. However, the outcome of the transplantation does not seem to depend on intact brush-border membranes, äs suggested from alkaline phosphatase activities in proximal tubules of intraoperative biopsies A t , B t , and Dj. Favoured by good metabolic conditions, brush-border membranes can be rapidly restored (28, 29) , äs indicated by normal alkaline phosphatase activities in biopsies D 2 (14), the proximal straight tubules also showed a decreased Nacetyl-ß-J9-glücosaminidase activity. This may indicate that tubular cells are more severely affected by preceding warm and cold ischaemia. This lysosomal· enzyme release of cryopreserved and transplanted kidneys may be due to ischaemia^ and reperfusioninduced fragility of tubular lysosomes (31) .
In the maintenance and recovery phases of acute post-transplant renal failure, renal alkaline phosphatase and N-acetyl-ß-D-glucosammidase activities diverge considerably. The finding of relatively high alkaline phosphatase activities in proximal tubules of anuric allografts (A 2 , B 2 ) corresponds to the observation of Olsen et al. (12) that the brush-border profile showed only weak cprrelation with renal function in human kidney biopsies. The preferential activity reduction in proximal straight tubules of both biopsies is consistent with the morphological observations of Venkatachalam et al. (32) , who showed that proximal straight tubules display greater vulnerability than proximal convoluted tubules in the early phase of experimentally induced mild renal ischaemia of the rat. The present finding suggests that in the advanced stage of human acute renal failure, the regeneratiön rate of brush-border membranes may be higher in the convoluted part than in the straight part of proximal tubules. Regeneration processes do occur in biopsies taken in anuria (A 2 , B 2 ) and in the recovery phase from anuria (C 2 ), äs indicated by marked postoperative activity increases of N-acetyl-ß-D-glucosaminidase along the whole nephron, again with the greätest effect in biopsy B 2 . This enhanced catabolic capacity may parallel the highly active autophagy that is implicated in cellular recovery (31) . In biopsies A 2 and B 2 , due to anuria, the renal N-acetyl-ß-D-glucosaminidase content is determined by enzyme synthesis and by the degradation. Additionally, in biopsy C 2 , the overshoot of this ehzyme activity is thought to be counteracted by enzymuria out of proximal convoluted tubules, äs known from functioning allograft D (D 2 , D 3 ) . Cantin et al. (33) observed that 10 days after experimentally induced ischaemia, a similar increase in lysosomal enzyme activities in rat kidney cortex homogenates was not associated with a considerably altered morphological appearance of lysosomes in tubular cells.
In acute rejection crisis of allograft D, biopsy D 4 was taken in the early phase of dysfunction. The drastic reduction of alkaline phosphatase activities in proximal convoluted and straight tubules, with a slight decrease of N-acetyl-ß-D-glucosaminidase activity in proximal convoluted tubules, when compared with biopsy D 3 in good function, indicate that the activities are determined mainly by enzymuria. This is substantiated by the highly significant difference of alkaline phosphatase activities between areas with normal and with reduced succinate dehydrogenase activities without any sign of regeneration of brush-border membranes. Comparably low alkaline phosphatase activities were found in proximal convoluted and straight tubules of biopsy €2 in the recovery phase from anuria, with the clinical Symptoms of acute rejection beginning 2 days after the puncture. Therefore, the low enzyme activities may be attributed to enzymuria just around the time of biopsy. Thus, after a Stimulus, microvillar alkaline phosphatase seems to be shed (20) and excreted in peaks followed by regeneration periods, äs described by Butterworth et al. (34) in human acute renal failure. On the other band, N-acetyl-ß-D-glucosaminidase release into urine with subsequent enzyme regeneration in tubular cells seems to occur rather continuously, äs seen in biopsies D 2 and D 3 . In biopsy D 4 , the rejection episode leads to an additional slight activity decrease in proximal convoluted tubules. This is consistent with the morphometrical findings of Pf aller (18) and the biochemical ones of Venkatachalam et al. (28) , who observed no significant lysosomal alterations, but marked bnish-border loss in the early phase of experimentally induced renal ischaemia of the rat.
In addition to enzymuria and enzyme regeneration, it has to be taken into account that specific adaptive increases of N-acetyl-ß-Z)-glucosaminidase activity occur in renal tissue and may explain the high activities of this enzyme in proximal straight tubules of biopsies E and D le Le Mir et al. (35) suggested that such activity increases are associated with enlarged reabsorption of glycpproteins from the ultrafiltrate.
While the Stimulus for the present high N-acetyl-ß-£>-glucosaminidase activities is unknown, the wellknown proteinuria of allograft C may be an additional cause for the high enzyme activity of proximal tubules in biopsy C 2 , particularly in the straight portion. It has to be mentioned that the variety of activity changes of both enzymes may be associated with changes of tissue dry weight used äs reference unit. However, a decrease of cellular mass by brush-border loss leading to morphologically detectable flattened proximal tubular cells (l l, 32) has not yet been quantified. In addition, the changes of catalytic activities of alkaline phosphatase and N-acetyl-ß-Z>-glucosaminidase were measured äs total enzyme activities: Quantification of the isoenzymic pattern of both enzymes (25, 36, 37) was not possible at the nanogram level of tissue specimens. Furthermore, the use of lyophilized tissue samples does not permit to determine the degree of lysosomal integrity which is known to be decreased under pathological conditions (31).
In conclusion, the present results demonstrate that renal activities of the brush-border enzyme alkaline phosphatase and the lysosomal enzyme N-acetyl-ß-Z>-glucosaminidase undergo various individual changes in renal dysfunction which are dependent on intranephronal location and time. While proximal straight tubules appear to be more sensitive with respect to loss of alkaline phosphatase activity, released N-acetyl-ß-Z>-glucosaminidase originates from proximal convoluted tubules. The unspecific overshoot of activity of the latter enzyme in the maintenance and recovery phases of acute post-transplant renal failure, detected in the whole nephron, is considered to be reactive to various cellular alterations following transplantation. These alterations include markedly decreased areas of basolateral and inner mitochondrial membranes in distal tubules (14) äs well äs distorted brush-border membranes in proximal tubules. This complexity of cellular reactivity to injury implies that it is difficult to Interpret enzymuria with respect to the nature and degree of renal damage.
